When distinguishing between indolent and potentially harmful prostate cancers, the Gleason score is the most important variable, but may be inaccurate in biopsies due to tumor under-sampling. This study investigated whether a molecular feature, PTEN protein loss, could help identify which Gleason score 6 tumors on needle biopsy are likely to be upgraded at radical prostatectomy. 71 patients with Gleason score 6 tumors on biopsy upgraded to Gleason score 7 or higher cancer at prostatectomy (cases) were compared to 103 patients with Gleason score 6 on both biopsy and prostatectomy (controls). A validated immunohistochemical assay for PTEN was performed, followed by fluorescence in situ hybridization (FISH) to detect PTEN gene deletion in a subset. PTEN protein loss and clinical-pathologic variables were assessed by logistic regression. Upgraded patients were older than controls (61.8 vs. 59.3 years), had higher pre-operative PSA levels (6.5 vs. 5.3 ng/mL), and a higher fraction of involved cores (0.42 vs. 0.36). PTEN loss by immunohistochemistry was found in 18% (13/71) of upgraded cases compared to 7% (7/103) of controls (p=0.02). Comparison between PTEN immunohistochemistry and PTEN FISH showed the assays were highly concordant, with 97% (65/67) of evaluated biopsies with intact PTEN protein lacking PTEN gene deletion, and 81% (13/16) of the biopsies with PTEN protein loss showing homozygous PTEN gene deletion. Tumors with PTEN protein loss were more likely to be Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms Author Manuscript upgraded at radical prostatectomy than those without loss, even after adjusting for age, preoperative PSA, clinical stage and race (odds ratio = 3.04 [1. 08-8.55; p=0.035]). PTEN loss in Gleason score 6 biopsies identifies a subset of prostate tumors at increased risk of upgrading at radical prostatectomy. These data provide evidence that a genetic event can improve Gleason score accuracy and highlight a path towards the clinical use of molecular markers to augment pathologic grading.
Introduction
Based on pathologic examination of the entire prostate, the Gleason grading system is the most powerful variable available for distinguishing between indolent Gleason score 3+3=6 cancers and cancers with lethal potential, virtually all of which are Gleason score 3+4=7 or higher [1] [2] [3] [4] [5] . If the Gleason score of the needle biopsy accurately reflected that of the dominant tumor, it would be relatively simple to identify appropriate candidates for deferred treatment or active surveillance in place of definitive therapy. However, a recent metaanalysis, including more than 14,000 cases, suggests that this is frequently not the case: a mean of 36% (range: 14-51%) of apparently indolent Gleason score 6 tumors on needle biopsy are "upgraded" to Gleason score 7 or higher at radical prostatectomy [6] .
Currently, there are few predictors of which patients with Gleason score 6 prostate tumors on biopsy are likely to harbor higher grade disease. Tumor upgrading from biopsy to radical prostatectomy can occur for multiple reasons, including tumor progression, pathology errors, and inter-observer variability in Gleason grading. However, a common cause is undersampling of the highest grade cancer [6] . Unfortunately, increasing the number of biopsy cores above the current standard of 12 does not substantially reduce the frequency of upgrading [7] . While multiparametric MRI-based imaging is becoming more promising in this regard [8] , MRI imaging is expensive and not widely used. Further, prior studies have found that clinical-pathologic parameters such as higher preoperative PSA, lower prostate volume, and more extensive disease on biopsy are relatively weak predictors of upgrading [9] [10] [11] [12] [13] [14] [15] . More importantly, to date, no molecular biomarkers have been shown to correlate with upgrading.
We and others have shown that PTEN, a tumor suppressor, is most commonly lost in prostate tumors with high Gleason grade and high stage, frequently by PTEN gene deletion [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Recently, we developed and validated a simple and inexpensive immunohistochemical assay to assess PTEN protein status in prostate cancer [16] . Using this assay, we showed that PTEN protein loss, assessed by a simple dichotomous scoring system, is highly correlated with underlying genetic deletions of the PTEN gene and is associated with increased Gleason grade and decreased time to biochemical recurrence, disease progression and metastasis in contemporary surgical cohorts [16] [17] [18] . Here, we demonstrate that PTEN protein loss in Gleason score 6 needle biopsy specimens, although uncommon, is associated with increased risk of Gleason score upgrading in the final radical prostatectomy specimen.
Materials and Methods

Patients and tissue samples
With institutional review board approval, Pathology databases were queried for all needle biopsies performed from 2000-2011 at Johns Hopkins Hospital, a tertiary care hospital or Johns Hopkins Bayview Medical Center, a community hospital, that contained only Gleason score 6 followed by a radical prostatectomy specimen that contained Gleason score 7 or higher. It is important to note that at Johns Hopkins Hospitals, less than 25% of radical prostatectomy patients had biopsies also performed at Johns Hopkins Hospitals, which meant that 75% of radical prostatectomy cases at Johns Hopkins Hospitals did not have biopsy tissue available for study. In contrast, at Bayview Medical Center, the proportion with available biopsies was over 60%. Controls with Gleason score 6 on biopsy followed by Gleason score 6 tumor on radical prostatectomy were selected as sequential biopsies occurring between 2000-2004 at Johns Hopkins Hospitals and between 2000-2011 at Bayview Medical Center (Supplementary Figure 1) . As is routine, all radical prostatectomy tissue was entirely submitted for histologic analysis. All biopsies and radical prostatectomy slides were re-reviewed and re-graded by trained uropathologists (DMB and TLL) using the 2005 modified International Society of Urologic Pathology (ISUP) grading system [26] . It is not universally agreed upon whether a tumor with majority Gleason pattern 3 and <5% Gleason pattern 4 should be graded as Gleason 3+3=6 with tertiary pattern 4 or Gleason 3+4=7. In favor of using a tertiary grade, the ISUP consensus paper noted that tumors with majority Gleason pattern 3 and <5% pattern 4 generally have a lower pathologic stage than a Gleason score 3 + 4 = 7 where pattern 4 occupies >5% of the tumor [26] . Overall, in the current study, 40% (41/103) of the non-upgraded control radical prostatectomies had a component (<5%) of tertiary Gleason pattern 4. However, because the inter-observer reproducibility of tertiary grading remains largely untested and because Gleason score 6 tumors have largely negligible lethality regardless of tertiary Gleason pattern [1] , grading in the current study was defined solely by Gleason score without reference to a tertiary component. A single block (usually comprising two cores) containing the largest percentage involvement by tumor was selected for PTEN immunostaining.
PTEN Immunohistochemistry and interpretation
PTEN immunohistochemistry was performed manually as previously described and blindly scored by two uropathologists (TLL and DMB) using a validated dichotomous scoring system [16] . In brief, 4 μm biopsy sections were deparaffinized and re-hydrated under standard conditions. Antigen unmasking was performed by steaming in EDTA buffer (pH 8.0) for 45 minutes. Endogenous peroxidase activity was quenched by incubation with peroxidase block for 5 minutes at room temperature. Slides were incubated for 45 minutes at room temperature with a rabbit anti-human PTEN antibody (Clone D4.3 XP; Cell Signaling, Danvers, MA; 1:50 dilution). A horseradish peroxidase-labeled polymer (PowerVision, Leica Microsystems, Bannockburn IL) was applied for 30 minutes at RT and signal detection was performed using 3,3'-diaminobenzidine tetrahydrochloride (DAB) as the chromagen. Slides were counterstained with hematoxylin, dehydrated, and mounted.
PTEN immunohistochemistry on each case was independently scored by two uropathologists (TLL and DMB) using a previously validated dichotomous scoring system [16] . Cases were considered to have PTEN protein loss if the intensity of cytoplasmic and nuclear staining was markedly decreased or entirely negative across >10% of tumor cells compared to surrounding benign glands and/or stroma. As we have seen previously, some cases with markedly decreased cytoplasmic staining showed intact staining on the apical membrane of the cell ( Figures 1B, 1D and 2F ). The biologic significance of this staining in the context of homozygous deletions of the PTEN gene is unclear (Figure 2 ). While we cannot entirely exclude issues of antibody specificity, immunoblotting of human prostate lysates with this antibody identifies a dominant band at the expected molecular weight, suggesting the antibody is quite specific for PTEN protein in this tissue. Additionally it remains unclear whether this apical staining represents intra-or extracellular protein. Importantly, despite this apical staining, we have shown that the inter-observer reproducibility of the dichotomous scoring system developed for cytoplasmic/nuclear PTEN protein remains high [16] with disagreements about the immunohistochemistry scoring in only 17/174 or 10% of cases in the current study. In cases of disagreement, a third uropathologist (AMD) blindly scored the case to break the tie.
PTEN FISH
Four-color FISH was performed and interpreted as described previously using the PTEN del-TECT probe (CymoGen Dx, LLC, New Windsor, NY) [23, www.ptendeletion.net]. An H&E stained needle core section was available for comparison to confirm regions of interest. In cases where PTEN deletions were identified, >60% of nuclei within a given focus exhibited the aberration.
Statistical analysis
Means and proportions of pre-and post-operative characteristics of cases and controls were compared using the two-sample t-test and the chi-square test, respectively. Multivariable logistic regression was used to estimate the odds ratios and 95% confidence intervals of a biopsy upgrade among men with PTEN protein loss. First, odds ratios were estimated adjusted for age at diagnosis. Next, results were adjusted for preoperative PSA (continuous, log-transformed) and clinical stage (binary, T2 or higher). Results were further adjusted for race (binary, nonwhite). Statistical analyses were performed using SAS 9.3 (Cary, NC).
Results
Pre-operative clinical-pathologic parameters
The mean age of the 71 upgraded cases was slightly older than that of the 103 controls who were not upgraded (61.8 vs. 59.3 years; p=0.005) ( Table 1 ). The racial makeup of the two groups was not significantly different. The mean pre-operative serum PSA level was 23% higher in the upgraded cases (6.5 vs. 5.3 ng/mL; p= 0.009), but there was no difference in clinical stage distribution between the two groups. The majority of patients underwent radical prostatectomy within 3 months of biopsy diagnosis and there was no significant difference in the pre-operative interval between groups.
Greater than 90% of both cases and controls had a 12-core biopsy performed, with a comparable number of cores examined in the cases compared to the controls (12.2 vs. 11.9; p=0.06). The fraction of cores involved by tumor was slightly higher in the cases (0.36 vs. 0.30; p=0.04), however the maximum percent tumor per core was not significantly different between groups. Tumor was present on bilateral cores (from the left and right prostate) in a higher percentage of the upgraded cases compared to controls (55% vs. 41%, p=0.07). Finally, the fraction of cases with perineural invasion was not significantly different between groups.
Post-operative clinical-pathologic parameters
To validate the clinical significance of tumor upgrading, post-operative clinical-pathologic parameters for the two groups of patients were assessed ( Table 2 ). Upgraded cases had smaller mean prostate weights at radical prostatectomy (54 vs. 60 grams) although this did not reach statistical significance (p=0.17). Location of the dominant tumor nodule was assessed in 94% (67/71) of upgraded patients and was divided between anterior-predominant nodules (33% or 22/67) and posterior/lateral-predominant nodules (67% or 45/67). The proportion of anterior-dominant tumors in the upgraded Gleason score 6 cases was similar to that seen in other unselected biopsy Gleason score 6 populations at our institution [27, 28] and that reported by others, suggesting a lack of significant enrichment for anteriordominant tumors in this sample [29] . As expected, upgraded cases were significantly more likely to have had extraprostatic extension or seminal vesicle involvement at radical prostatectomy than controls (35% vs. 18%; p = 0.01). Accordingly, upgraded cases were more likely to have positive margins at radical prostatectomy (24% vs. 8%; p=0.003) as well as PSA recurrence (9% vs 1%; p=0.03), with a mean follow-up period of 3.6 and 4.5 years respectively for the roughly 80% of patients with available information in each group.
PTEN protein loss and PTEN gene status
PTEN protein loss was observed in 18.3% (13/71) of the upgraded tumors compared to only 7% (7/103) of the controls (p=0.02). A subgroup analysis of the two hospital populations included in the study showed nearly identical results in both patient populations (18% and 20% for cases in Johns Hopkins Hospitals and Bayview Medical Center respectively; and 7% and 6% for controls, respectively). PTEN protein loss was frequently focal within a given tumor sample (Figures 1 and 2 ) with heterogeneous PTEN staining in 85% (11/13) of the upgraded cases with PTEN protein loss and 100% (7/7) of the controls.
A recently developed 4-color FISH assay [23] was used to assess for PTEN gene deletions in the 20 biopsies with decreased PTEN protein by immunohistochemistry. PTEN FISH was evaluable in 86% of the non-upgraded controls (6/7) and 77% (10/13) of the upgraded cases. Biopsies that could not be evaluated included those where the FISH hybridization failed (n=2) or where the tumor area with decreased PTEN protein could not be aligned on the adjacent histologic section on which the FISH was performed (n=2). Among the evaluable upgraded cases, 90% (9/10) of the biopsies with decreased PTEN protein showed homozygous PTEN deletions by FISH, variably involving the adjacent gene probes for FAS and WAPAL (Figure 2 ). Only one upgraded case (10%) with PTEN protein loss lacked PTEN gene deletion as assessed by FISH. Among the evaluable non-upgraded controls that showed unambiguous loss of PTEN protein by immunohistochemistry, 67% had homozygous PTEN gene deletions (4/6), while 17% (1/6) had a hemizygous deletion and 17% (1/6) had no apparent PTEN deletion. Of the cases with PTEN gene deletion, this deletion was focal (involving only in a subset of tumor glands) in 87% (13/15) cases, consistent with focal loss of immunohistochemical staining in a similar proportion of cases (90% or 18/20). In cases where it was possible to directly match individual tumor glands on the two different slides separated by 4 μm, focal PTEN loss by immunohistochemistry was concordant with focal gene loss by FISH (Figure 2 
Association of PTEN protein loss and upgrading
Logistic regression was performed to assess whether PTEN protein loss was independently associated with Gleason score upgrading ( Table 3 ). The variables adjusted in the multivariable analysis were those that have been found to be associated with upgrading in the current and multiple prior studies, including patient age and race, pre-operative PSA level and clinical stage. Even after adjusting for all of these variables (Model B), the odds ratio of Gleason score upgrading was 3.04 (95% confidence interval: 1.08-8.55; p= 0.035) for PTEN protein loss.
Discussion
The Gleason grading system remains one of the most powerful prognostic indicators in prostate cancer, yet tumor under-sampling remains an important limitation of the Gleason system applied to biopsy specimens. Here, we have shown that PTEN protein loss in Gleason score 6 biopsies, although uncommon, is associated with an increased risk of tumor upgrading at radical prostatectomy. The association of PTEN protein loss with tumor upgrading suggests that, at least in a subset of patients, Gleason pattern 3 tumor associated with adjacent pattern 4 differs at the genomic level from pattern 3 derived from a purely Gleason score 6 tumor [24, 30] . Indeed, using radical prostatectomy specimens, we have found that PTEN protein loss in pattern 3 carcinoma from a Gleason score 7 cancer is significantly more common than that of pattern 3 carcinoma from a purely Gleason score 6 tumor (AMD and Bruce Trock, in preparation). These studies suggest that an integrated approach exploiting genomic markers in limited tumor biopsy specimens may be helpful to improve on the prognostic accuracy of our current pathologic grading system. Such improvements are sorely needed to avoid overtreatment of indolent prostate cancers. Importantly, PTEN loss by immunohistochemistry is only expected to be present in approximately 11% of Gleason score 6 biopsies overall based on the current study (using the upgrading rate of 25% from our institution [6] ) and this is highly consistent with our prior studies of radical prostatectomy specimens [16] . Thus, while PTEN protein loss (a "positive test") suggests an increased risk of upgrading and potentially can be used to inform a treatment decision, the lack of loss (a "negative" test) is likely to be much less informative as a result of inadequate tumor sampling and tumor heterogeneity. While we could not calculate the positive predictive and negative predictive values in this case control-design, it is likely that additional studies would show that the positive predictive value of PTEN protein loss for predicting upgrading will be significant enough to be useful, but that the negative predictive value of no loss in PTEN may not be as useful as a result of sampling errors. Thus, for a molecular test to be clinically useful for both positive and negative predictive values, it is likely that a larger panel of molecular markers will be needed. However, PTEN protein loss portends not only an increased risk of upgrading, but an increased risk of biochemical recurrence (independent of grade) following radical prostatectomy [17] , as well as potential sensitivity to several classes of targeted therapies for phosphatidylinositol-3-kinase (PI3K) signaling. Thus, despite the relatively low expected prevalence of PTEN protein loss in the Gleason score 6 population, we anticipate that this relatively inexpensive test may become useful for one or more clinical indications.
In the current study, we report a very high correlation between PTEN immunohistochemistry and FISH results, with 87% of cases with PTEN protein loss showing underlying PTEN deletions and 97% of cases with intact protein lacking underlying deletions. This suggests that, at least in the current study population, that loss of the PTEN gene is the major mechanism underlying loss of PTEN protein expression. It also suggests, at least in the current study population, that deletion of the PTEN gene is the major mechanism underlying loss of PTEN protein expression. Protein loss through mechanisms such as point mutation or epigenetic silencing would appear to be relatively rare, as shown recently [31] [32] [33] . However rare, it is possible that some cancers lose PTEN activity with hemizygous loss of one allele and mutations in the remaining allele that yield a stable but functionally compromised protein.
PTEN deletions may take place earlier in prostate cancer oncogenesis than previously suspected [34, 35] . We found focal loss in 87% of cases. Focal loss suggests that methods that rely on nucleic acid extraction might not be as sensitive in detecting PTEN loss as the in situ methods employed in this study. Moreover, recent refinements of the FISH technique have improved the sensitivity for detecting deletions, by incorporating closely linked flanking markers either side of the PTEN gene (23, www.ptendeletion.net). Overall, the rate of PTEN deletion using this probe design in our Gleason score 6 biopsy population is comparable to the rate reported in other recent biopsy cohorts assessed by FISH, where deletions (hemizygous and homozygous) are present in ~10% of cases [36] . However, given the general prevalence of hemizygous over homozygous deletions in previous PTEN FISH studies in localized prostate cancer [21, 24, 34] , a surprising finding in the current study was that the majority of Gleason score 6 cases with PTEN protein loss showed homozygous PTEN gene deletion. Perhaps in part because of this, the PTEN immunohistochemistry assay appears to be highly concordant with underlying PTEN gene status. It remains to be seen whether this protein assay is similarly sensitive for detecting PTEN deletions in cohorts with higher rates of hemizygous PTEN gene loss. Indeed, immunohistochemistry may be relatively insensitive for detecting cases with subtly reduced levels of PTEN protein, since we only score cases as decreased if there is either total loss or the signal is "markedly decreased" as compared to normal acini. Future studies will examine whether hemizygous deletions may predict upgrading. If so, performance of immunohistochemistry with FISH may represent the optimal strategy for risk assessment.
Our study has a number of important strengths. Although PTEN immunohistochemistry was conducted manually in the current study, this protocol has been successfully replicated and validated on the Ventana Benchmark platform in a CLIA-certified laboratory at our institution (TLL and AMD, data not shown). Also relevant to clinical practice, 85% of patients in the current study would have met the extended criteria for active surveillance recently evaluated at our institution [37] . Previous studies have demonstrated that biopsies consisting of fewer than 10 cores are associated with significantly higher upgrading rates [12] . The vast majority of patients (>90%) in our study underwent 12 core biopsy which is currently the standard of care in the United States. Additionally, in our study, all radical prostatectomy tissue from each case was entirely submitted for histologic examination, ensuring accurate Gleason score assignment. Finally, all biopsies and radical prostatectomies were re-graded by urologic pathologists using the most updated (2005) Gleason scoring system [26] . Our findings are further validated by the clinical-pathologic variables we found associated with upgrading, which are highly consistent with contemporary studies in larger cohorts, including patient age, pre-operative PSA, clinical stage and extent of tumor involvement on biopsy [9] [10] [11] [12] [13] [14] [15] . As expected, upgraded patients in the current study also fared significantly worse after surgery, with substantially higher rates of extraprostatic extension, surgical margin positivity and biochemical recurrence compared to controls who were not upgraded at radical prostatectomy.
There are a few notable limitations of the current study, perhaps the most important of which is the relatively small sample size. Because of this, it is essential that our results be validated in future studies with larger, prospective cohorts. Partly mitigating this weakness, our study did include patients from two clinical settings (tertiary vs. community care) yet each showed nearly identical rates of PTEN protein loss in upgraded cases and controls, suggesting that our findings will likely be reproducible in independent cohort analyses. In addition, because of the case-control design of the current study, it was not possible to formally evaluate the sensitivity and specificity of PTEN for predicting upgrading and to estimate what additional information PTEN adds above and beyond currently collected clinical-pathologic variables. However, our multivariable analysis suggests that PTEN remains significantly associated with upgrading even when controlling for clinical stage, race and PSA. An additional potential weakness is that we evaluated only one to two needle biopsy cores for most patients. Because we and others have showed that PTEN protein loss and underlying gene deletion is most commonly focal [24, 35] , it is likely that we missed a number of cases with focal PTEN protein loss by evaluating PTEN status in only one core. Future studies will assess whether evaluation of PTEN status on all cancer-containing needle cores may increase the sensitivity of our assay for predicting tumor upgrading in Gleason score 6 needle biopsies.
Taken together, our data strongly suggest that there may exist varying "molecular" grades of Gleason pattern 3 prostate cancer, with PTEN protein loss indicating a 3-fold increased risk of an occult pattern 4 component in the same patient. In combination with increasingly accurate imaging techniques, assessment for molecular markers may help to identify patients at higher risk of harboring more aggressive prostate tumors. PTEN loss, as assessed by immunohistochemistry and perhaps in conjunction with confirmatory FISH, is one such relatively inexpensive marker. Together with a panel of additional markers, it may prove useful to identify patients who are suboptimal candidates for active surveillance protocols.
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